Previous studies have shown that mouse Period3 (mPer3) is dispensable for the generation of autonomous oscillations in the circadian clock. However, human studies have suggested that human Period3 (hPer3) may have more important roles in the core clock machinery than mPer3. To investigate the role of hPer3 protein in the cell-autonomous circadian oscillator, we conducted gene knockout of the hPer3 gene in human bone osteosarcoma epithelial cells using genome-editing technology. We examined the circadian transcription of endogenous clock genes in hPer3-deficient cell clones and found that hPer3-deficient cells showed a phase advance in circadian transcription compared to wild-type cells. We subsequently transfected wild-type and mutant cells with an adenovirus carrying a luciferase gene whose expression was driven by a clock gene promotor, and monitored bioluminescence in real time.
| INTRODUCTION
The circadian clock regulates gene expression throughout the day, allowing organisms to adapt to the earth's rotation. It is cell-autonomous and ubiquitous throughout the body (Hastings, Reddy, & Maywood, 2003; Rosbash, 1998) . The circadian clockwork comprises a negative transcriptional feedback loop (Dunlap, 1999) . In mammals, the BMAL1 and CLOCK complex activates transcription of clock and clockrelated genes such as Period1, Period2 and Period3 (Per1, Per2 and Per3) and Cryptochrome1 and Cryptochrome2 (Cry1 and Cry2) via E-box elements. Subsequently, PER together with CRY, a potent transcriptional inhibitor, functions to negatively regulate this complex (Ko & Takahashi, 2006; . Recent studies have suggested that PER may inhibit CRY-mediated transcriptional repression during some circadian phases Chiou et al., 2016; Schmalen et al., 2014) .
The mammalian clock gene Per3 was cloned in 1998 (Takumi et al., 1998; Zylka, Shearman, Weaver, & Reppert, 1998) . The circadian period length of locomotor activity in Per3-deficient mice is approximately 0.5 hr shorter than that in wild-type mice, whereas other examined circadian characteristics are mostly normal (Bae et al., 2001; Shearman, Jin, Lee, Reppert, & Weaver, 2000) . The mPer3 protein in mice is thus considered dispensable in the clock oscillator machinery. However, genetic analyses of human sleep disorders have shown that circadian rhythm sleep disorders, such as delayed sleep phase syndrome, are associated with polymorphisms in the coding region of hPer3 (Ebisawa et al., 2001; Viola et al., 2007) , suggesting that hPer3 may contribute to circadian physiological and behavioral outputs. Furthermore, recent studies indicate that hPer3 polymorphisms with amino acid changes are associated with familial advanced sleep phase syndrome accompanied by mood disorders . These reports on hPer3 are not necessarily inconsistent with those on mPer3, but rather suggest that hPer3 protein may have more important roles in the core clock machinery than mPer3.
As a result of technical limitations in human studies, the contribution of human clock proteins to the circadian core oscillator remains to be determined. However, a recent technical breakthrough in genome-editing technology has enabled the use of a simple procedure for gene knockout in cultured cells (Ran, Hsu, Lin et al., 2013; Ran, Hsu, Wright et al., 2013) . We thus conducted hPer3 knockout in cultured human cells using genome editing to examine the role of the hPer3 gene product in the cell-autonomous circadian clock.
| RESULTS
Targeted knockout of the hPer3 gene was carried out in human bone osteosarcoma epithelial cells (U2OS cells) using a clustered regularly interspaced short palindromic repeat (CRISPR)-CRISPR-associated protein 9 (Cas9) system ( Figure 1a ). There are two translation initiation sites (TISs) located in the first and fourth exons of the hPer3 gene, suggesting the existence of two protein variants (NCBI database, Gene ID: 8863). To ensure complete loss of function of the hPer3 gene, guide RNAs (gRNAs) were designed just downstream of both TISs. Simultaneous double-strand breaks (DSBs) of these two genomic sites were expected to result in (a) frameshift mutations in both protein variants and (b) 3.3-kb genomic deletion. The specific experimental procedure was as follows: transfection of plasmid vectors coding for gRNA and Cas9 protein into U2OS cells, antibiotic selection of the transfected cells, cloning by limited dilution of the selected cells, and detection of the presence of mutation in targeted genomic sites by PCR amplification.
The PCR data indicated that the targeted genomic site in exon 1 or 4 was potentially mutated in 58 or 33 cell clones, respectively, and that 3.3-kb genomic deletion occurred in five cell clones (clones #12, #15, #23, #29 and #48). These five cell clones carrying the genomic deletion were used for subsequent experiments. DNA sequencing of cloned PCR products containing the targeted genomic sites showed that 3.3-kb genomic deletion occurred in a biallelic manner in all five cell clones. According to the results of a single-stranded conformation polymorphism (SSCP) analysis (Zheng et al., 2016) , this genomic deletion was homozygous in four of the five cell clones, whereas cell clone #23 showed a heterozygous-like band pattern (Figure 1b) . The genomic deletion in cell clone #48 produced a de novo BglII recognition site, which was available to confirm homozygosity by a restriction fragment length polymorphism (RFLP) analysis of PCR products (Navarro, Simonet, Normand, & Bardin, 1992; Southern, 1975) . Figure 1c shows the nucleotide sequence of both alleles in the five cell clones. Although the genomic deletion patterns in cell clones #12, #23 and #29 were as expected, the deletion in cell clones #15 and #48 expanded beyond the DSB sites, which led to loss of the first TIS. In cell clone #23, the genomic sequence slightly differed between the two alleles, which was consistent with the heterozygous-like Detection of biallelic mutation and zygosity using SSCP analysis. DNA fragments were PCR-amplified using Ex1-a forward and Ex4-b reverse primers. The amplicons were denatured, separated on a polyacrylamide gel and detected by silver staining. Blue asterisks denote single-stranded DNA fragments. Heteroduplex (red asterisk) and homoduplex (green asterisks) DNA fragments were also simultaneous detected because of partial reannealing of single-stranded DNA. (c) Sequences of the alleles at the target site in U2OS wild-type and the selected hPer3 mutant cell lines. The sequences of the TISs and PAM, and the DSB sites are the same those shown in (a). Red colons indicate the deleted nucleotides. The substitution mutation is indicated in red. The recognition sequence of the BglII restriction enzyme is underlined in clone #48. (d) Schematic representation of wild-type and expected translation products of the hPer3 gene in the mutant cell lines. Per3 protein contains a Per-Arnt-Sim (PAS) domain (shaded bars), which comprised PAS-A and PAS-B domains (black bars). Red vertical lines denote the position of the induced frameshift and the white boxes to the right indicate abnormal amino acid sequences. Clones #15 and #48, which no longer possess normal TISs, are not expected to produce any translation product of the hPer3 gene. STOP: stop codon, aa: amino acid. (e) mRNA expression analysis of U2OS wild-type and hPer3 knockout cell lines. Data were obtained by quantitative RT-PCR using a primer set designed to target the presumed deleted genomic DNA region by genome editing. Values indicate relative mRNA levels normalized to those of the internal reference gene, 18S-rRNA, and are expressed as fold-change relative to wild type. The data indicate mean ± SE (n = 3). **p < 0.01, significant difference by two-tailed t test compared to wild type | Genes to Cells MATSUMURA And AKASHI pattern detected in the SSCP analysis. Figure 1d represents translated products expected from genomic sequences. Cell clone #12 was expected to express hPer3 protein lacking an N-terminal region because of the absence of a frame shift mutation and was thus not used for subsequent experiments. Cell clones #15 and #48 were expected not to express hPer3 protein because of the loss of the first TIS. Cell clones #23 and #29 were expected to express small peptides containing a part of hPer3 protein because of deletion-induced frame shift and de novo stop codon just downstream of the first TIS. As expected, in cell clones #15, #23, #29 and #48, little hPer3 cDNA was detected by quantitative RT-PCR analysis using specific primers targeted to an mRNA region that was lost by the genomic deletion ( Figure 1e) .
To investigate the effect of functional deficiency of the hPer3 gene on the cell-autonomous circadian clock in humans, circadian transcription of the endogenous clock genes hPer2 and hBmal1 was examined in wild-type U2OS cells and the mutant cell clones #23 and #48 (Figure 2 ). The hPer2 and hBmal1 genes are core clock genes whose circadian expression would be expected to be affected by loss of function of the hPer3 gene if the hPer3 protein plays a significant role
Genes to Cells MATSUMURA And AKASHI in the circadian clock. After intercellular synchronization of circadian rhythms by dexamethasone (DEX) shock, cultured cells were lysed and frozen at 4-hr intervals over a period of 52 hr, and then a quantitative RT-PCR analysis was carried out using purified total RNA. Data were normalized based on the expression level of 18S ribosomal RNA (18S-rRNA), which is constant regardless of cell type and sampling time (Matsumura, Okamoto, Node, & Akashi, 2014) . Although accurate comparison was difficult given that sampling intervals were 4 hr, the results showed no obvious difference in the circadian transcription of either clock genes in the hPer3-deficient cell clones compared with that in wild-type cells. However, a slight difference in circadian phase was visually detectable: Circadian transcription of the hPer2 and hBmal1 genes in the hPer3-deficient cell clones was phase-advanced compared with that in wild-type cells. This phase difference between wild-type and mutant cells may be attributable to a change in circadian period length; however, estimating the circadian period length requires expression data at a high time resolution. To solve this problem, we transfected wild-type and mutant U2OS cells with an adenovirus vector carrying a luciferase gene whose expression was driven by the mouse Period2 (mPer2) or human Bmal1 (hBmal1) gene promoter ( Figure 3a) . After intercellular synchronization of circadian rhythms by DEX shock, bioluminescence was measured continuously in the presence of luciferin at 15-min intervals for a period of more than 4 days. The obtained data showed clear circadian rhythms in all mutant cells lacking functional hPer3 protein, which were similar to those in wild-type cells. However, all the hPer3-deficient cell clones showed an obviously shorter circadian period than wild-type cells.
For mathematical comparison of circadian period length, cosinor analysis was carried out using data for 3.5 days (Figure 3b , top and middle). The results showed that the circadian period length of both mPer2-and hBmal1-driven bioluminescence rhythms in all hPer3-deficient cells was significantly shorter than that in wild-type cells. Although cell clones #15, #23 and #48 showed a 0.5-to 1-hr shorter period than that of wild-type cells, the period of cell clone #29 was nearly 2 hr shorter. Because these wild-type cells were not cloned in this experiment, the value represents the average circadian period length of heterogeneous cells. For further confirmation, we conducted cloning of the wildtype cells with the same method used to clone the hPer3-deficient cells and compared the period length between two wild-type and four hPer3-deficient cell clones. Results showed that the period length of hBmal1-driven bioluminescence rhythms in all hPer3-deficient cell clones was significantly shorter than that in both wild-type cell clones (Figure 3b , bottom).
| DISCUSSION
Many previous studies using knockout mice have shown the molecular function of mouse circadian clock gene products. Although humans and mice are diurnal and nocturnal, respectively, human clock genes are generally considered to play similar roles to those of their mouse counterparts. However, because of technical limitations in human studies, there is insufficient evidence as to whether this is true. For example, functional analysis of human clock genes at an individual level is dependent on the presence of nucleotide F I G U R E 2 Endogenous circadian rhythms of hPer2 and hBmal1 mRNA expression in hPer3 knockout U2OS cell lines. Expression was determined using quantitative real-time PCR and normalized to that of the 18S-rRNA gene. Expression levels were measured at 4-hr intervals from 0 to 52 hr, after initiating circadian rhythm synchronization by dexamethasone treatment at 0 hr. Each solid black line in each graph shows the results from an independent experiment (two for each cell line). The colored graphs on the right show the average of the two replicates. The values are expressed as fold-change relative to time 0 hr Genes to Cells MATSUMURA And AKASHI F I G U R E 3 Circadian rhythm in hPer3 knockout cell lines detected by real-time bioluminescence monitoring. (a) Real-time monitoring of bioluminescence in hPer3 knockout U2OS cell lines infected with adenovirus vectors expressing circadian-driven luciferase. After circadian rhythm synchronization by dexamethasone treatment, bioluminescence was measured in the presence of luciferin and integrated for 1 min at 15-min intervals. Shown relative detrended data sets were obtained by subtracting the 24-hr simple moving average from the raw data and by setting the first curve peak to 1 for mPer2-Luc and the first trough to −1 for hBmal1-Luc. Graphs show the results of three replicates of a single assay. Colored curves show data from the indicated hPer3 knockout cell lines, and black and light gray curves show data from wild-type cells. (b) Difference in circadian period length between wild-type and hPer3 knockout cell lines. Period length was calculated from the data set in (a) by curve fitting using Cosinor software provided by Dr. Refinetti. The data indicate mean ± SE (n = 3) and correspond to the same colors as those used in (a). Top and middle: *p < 0.05, **p < 0.01, significant difference using two-tailed t test compared to the wild-type U2OS cell line. Bottom: White circles indicate single-cell wild-type clones (#53 and #63). **p < 0.01, † †p < 0.01, significant difference using two-tailed t test compared to single-cell wild-type clones #53 and #63, respectively. The mean period length of #53 and #63 was set to 0
Genes to Cells MATSUMURA And AKASHI polymorphisms and rare spontaneous mutations. Although functional analysis of human clock genes is also possible using cultured human cells because the circadian clock is cell-autonomous, previous studies have used knockdown or over-expression approaches, which make the interpretation of findings difficult because of the residual function of target genes or nonspecific effects on nontarget genes. However, a recent technical breakthrough in genome-editing technology now enables gene knockout to be carried out in cultured cells using a very simple method (Ran, Hsu, Lin et al., 2013; Ran, Hsu, Wright et al., 2013) . We thus conducted genome-editing-based gene knockout in cultured human cells and carried out molecular analysis of human clock gene products at a cell-autonomous level. Previous studies using knockout mice have shown that mPer3 is dispensable for the generation of autonomous oscillations in the circadian system (Bae et al., 2001; Shearman et al., 2000) . Specifically, mice lacking functional mPer3 protein showed robust circadian oscillation in locomotor activity despite displaying a shorter circadian period than wild-type mice. However, many human studies have reported a significant correlation between hPer3 nucleotide polymorphisms and circadian-related disorders (Ebisawa et al., 2001; Viola et al., 2007; Zhang et al., 2016) . Such reports on hPer3 are not necessarily inconsistent with those on mPer3 but rather imply that hPer3 protein may have more important roles in the core clock machinery than mPer3. In the present study, we thus focused on the hPer3 gene, whose products may more significantly contribute to the cell-autonomous circadian oscillator than mPer3, and conducted gene knockout of the hPer3 gene in human bone osteosarcoma epithelial cells (U2OS cells) using genome-editing technology.
Because there are two major translation initiation sites (TISs) located in the first and fourth exons of the hPer3 gene, two genomic sites (one for the first exon and the other for the fourth exon) were simultaneously cut using a clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-associated protein 9 (Cas9) system so that frameshift mutations and genomic deletion were expected to occur. Although the resulting cell clones carried various mutation patterns in both CRISPR-Cas9-targeted sites, several cell clones that were not expected to express a long fragment of the hPer3 protein were selected for subsequent analysis. This is because these fragments may retain some of the original protein function or inhibit other Per proteins as a dominant negative molecule, both of which make it difficult to interpret the experimental outcomes. The selected cell clones were classified into two groups: (a) cell clones lacking a genomic region from the first TIS in the first exon to downstream of the second TIS in the fourth exon, and (b) cell clones lacking a genomic region from downstream of the first TIS to downstream of the second TIS. The latter group potentially expresses a short polypeptide. Given that off-target mutations are very rare but can potentially affect the experimental outcomes, multiple cell clones were compared with wild-type cells in subsequent experiments.
To investigate the role of hPer3 protein in the cell-autonomous circadian oscillator, circadian transcription of the core clock genes mPer2 and hBmal1 was examined using two cell clones carrying an hPer3 mutation. The results showed a phase advance in the circadian transcription of both clock genes in both cell clones compared with that in wild-type cells. However, accurate evaluation of the phase difference based on endogenous clock gene expression was difficult because of the low time resolution of the data, given that sample collection was carried out at 4-hr intervals for a few days. In addition, the phase difference may be attributable to a change in circadian period length; however, expression data at a high time resolution are required to accurately estimate the circadian period length.
To solve this problem, we transfected U2OS cells with an adenovirus carrying a luciferase gene whose expression was driven by the mPer2 or hBmal1 gene promotor, and monitored bioluminescence in real time. Bioluminescence was measured continuously at 15-min intervals for a period of more than 4 days, and the obtained data showed clear circadian rhythms in all four cell clones lacking the functional hPer3 protein, which were similar to those in wild-type cells. Data obtained using this experimental approach could be used for reliable mathematical estimation of the circadian phase and period because of the high time resolution. Cosinor analysis using these data showed that the circadian period length of mPer2-and hBmal1-driven bioluminescence rhythms in all hPer3-deficient cells was significantly shorter than that in wild-type cells. One of the four cell clones exhibited a slightly shorter period than the other three cell clones. A previous report indicated that there is considerable variation in circadian period length among individual NIH3T3 cells in the same culture dish (Nagoshi et al., 2004) , which explains why circadian period length varied among the four hPer3-deficient cell clones. These experimental results show that the phase advance in endogenous clock gene expression in hPer3-deficient cell clones was attributable to a shortened circadian period length. A possible mechanistic explanation of why mouse and human Per3 deficiency results in a shorter circadian period is as follows. The nuclear translocation of mCry1 and mCry2, the major potent circadian transcriptional repressors, is dependent not only on complex formation with mPer1 and mPer2 but also on mCKIε-induced phosphorylation of mPer1 and mPer2 (Lee, Etchegaray, Cagampang, Loudon, & Reppert, 2001; Lee et al., 2011; Lee, Chen, Lee, Yoo, & Lee, 2009) . Although mPer3 can also bind to mCry1 and mCry2 via its C-terminal domain, mCKIε phosphorylates mPer3 less than it does other mPer proteins because of a very low binding affinity with mPer3 (Lee, Weaver, & Reppert, 2004) . This means that mPer3-bound mCry1 and
|
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MATSUMURA And AKASHI mCry2 are slower than other mPer-mCry complexes in nuclear translocation. mPer3 may thus contribute to elongation of the period length of the circadian transcriptional feedback loop by delaying the transcription repression phase in competition with mPer1 and mPer2 for mCry proteins.
Together these findings suggest that hPer3 protein does not play an essential role in generating circadian clock oscillations, but rather contributes to the maintenance of circadian period length. These conclusions are consistent with previous studies in mice and cells lacking functional mPer3 protein, indicating that the Per3 protein functions similarly in both mice and humans. Larger differences in period length between environmental and internal circadian rhythms increase the risk of desynchronization between these rhythms. This may explain the significant correlation between hPer3 nucleotide polymorphisms and circadian-related disorders reported in several human studies. The present experimental approach using cell-based genome editing will be effective for accelerating understanding of the molecular mechanism of the human cell-autonomous circadian system.
| EXPERIMENTAL PROCEDURES
| CRISPR guide RNA design and plasmid construction
We simultaneously targeted two regions of the hPer3 gene for knockout because the gene contains two major translation initiation sites (TISs), in exons 1 and 4. Two guide RNAs (gRNA) were thus designed to target downstream regions of the two TISs to produce a frameshift mutation at both sites that leads to loss of function or two double-strand breaks (DSBs) to delete the intervening DNA segment by nonhomologous end joining repair (NHEJ) using the CRISPR-Cas9 system. The guide sequences comprised a 20-mer upstream of an "NGG" sequence (protospacer adjacent motif; PAM; Figure 1a ). Oligomers encoding gRNAs were synthesized, annealed and cloned into the Cas9/gRNA co-expression plasmid PX459 vector at its BbsI site. A BbsI restriction site was artificially generated by adding "caccg" to the synthesized oligomers at the 5′-end of the sense gRNAs and "aaac" to the 5′-end of the antisense gRNAs. Recombinant plasmids were sequenced using the hU6p-forward primer and were subsequently used for cell transfection.
| Cell culture and transfection
U2OS cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics (50 units/ml penicillin and 50 μg/ml streptomycin) at 37ºC with 5% CO 2 . Lipofectamine 3000 (Invitrogen, USA) and Opti-MEM (Life Technologies, USA) were used to transfect the plasmids according to the supplier's protocols. Each vector (1 μg) was transfected into cells grown to 30%-40% confluency in 35-mm dishes. After transfection, cells were cultured in the growth medium described above for 24 hr and then selected by incubating in DMEM containing 8 μg/ml puromycin for 1 day. The selected cells were further cultured for 24 hr without puromycin for recovery and proliferation, before single cells were cloned by limiting dilution in 96-well plates.
| Selection of genome-edited mutant single-cell clones
When the confluency of the single-cell-derived clones was over 30% in 96-well plates, the cells were passaged and stored at −80°C after sufficient proliferation. An aliquot of each clone was checked using DNA extraction, PCR amplification and sequencing.
| DNA extraction
Genomic DNA from the cells was obtained using the hot-alkaline DNA extraction method. Pelleted cells in a 1.5-ml microtube were treated with 10 μl of 50 mM NaOH and heated at 95°C for 15 min. The heat-treated samples were vortexed and then neutralized by adding 2 μl of 1 M Tris-HCl (pH 8.0). The supernatants after centrifugation at 12,000 × g for 5 min were used for subsequent experiments.
| PCR-based screening
Individual clones were screened by PCR for mutations in the hPer3 gene at the target sites. Two screening primer sets for each target site, Ex1-a, Ex1-b and Ex4-a, Ex4-b, were designed. The sequences of the reverse primer for -a and forward primer for -b (5′-3′) started from 3-nt downstream and upstream of the DSBs, respectively, which were located 3 bp upstream of the PAM. The primer sequences are shown in Figure 1a . PCR amplification was carried out in a 20-μl reaction mixture containing 1 × GoTaq Green Master Mix (Promega, USA), 1 μM of each primer and 1 μl of the supernatant described above as the DNA template. PCR conditions were as follows: initial denaturation at 95°C for 2 min followed by 35 cycles of amplification at 95°C for 30 s, 60°C for 30 s and 72°C for 15 s, and a final extension step for 5 min. PCR reactions using the Ex1-a forward primer and Ex4-b reverse primer to detect the predicted deletion were conducted using 20-μl reactions containing 1 × Extra Taq buffer, 5 U Ex Taq HS DNA polymerase (TaKaRa, Japan), 0.2 mM of each dNTP, 1 μM of each primer, 1 μl of DNA template and 0.8 M betaine. The cycling parameters were as follows: denaturation at 98°C for 10 s, annealing at 55°C for
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MATSUMURA And AKASHI 30 s and extension at 72°C for 4 min for 35 cycles. The amplicons (9 μl) were analyzed by agarose gel electrophoresis. The absence of bands or the detection of very faint bands indicates the presence of mutations at the target sites. For detection of the deletion, band size was analyzed.
| Sequencing to identify genomic DNA sequence modifications
Selected PCR-positive clones were sequenced to characterize each mutation allele. PCR amplicons of the target region were cloned into the TA cloning vector pMD20-T (TaKaRa, Japan) according to the manufacturer's protocol. Six clones of each PCR product (each single-cell clone) were sequenced using the M13 reverse primer. DNA mutations were identified by sequence alignment of the sequenced allele with the wild-type allele.
| Single-strand conformation polymorphism analysis of PCR products (PCR-SSCP)
The genomic region surrounding the CRISPR target sites was amplified by PCR using the Ex1-a forward primer and Ex4-b reverse primer. The PCR mixture contained 1 × GoTaq Green Master Mix (Promega), 1 μM of each primer and DNA templates in a total volume of 20 μl. The PCR conditions were as follows: 95°C for 2 min, 35 cycles at 95°C for 30 s, 60°C for 30 s and 72°C for 20 s, and a final extension step for 5 min. PCR products were ethanol precipitated and dissolved in 10 μl of buffer containing 96% Hi-Di formamide and 20 mM EDTA. The dissolved DNA fragments were then denatured for 5 min at 95°C and immediately put on ice. Denatured PCR amplicons were examined using 10% polyacrylamide gel electrophoresis at room temperature in TBE buffer (8.9 mM Tris-borate, 0.2 mM EDTA, pH 8.3). After electrophoresis at 100 V for 2.5 hr, the polyacrylamide gel was stained by argentation using a Silver Stain MS Kit (Wako, Japan) according to the manufacturer's instructions.
| mRNA analysis of selected knockout cell lines
Cell preparation, protocols of procedures from total RNA extraction to cDNA synthesis and quantitative real-time PCR data collection were conducted according to the steps described in "Time course analysis of clock gene expression" below. Cell samples obtained at 24 hr time points (T = 24) were used for this examination. Real-time PCR was carried out using the Power SYBR Green PCR Master Mix (Applied Biosystems, USA) and a 1/25-volume of the reverse transcription product. The following primer sequences were designed to amplify the deleted region in the selected knockout cell lines: Ex2-3 forward 5′-TCGGAGAGACGCAATAAACCAA -3′ and Ex2-3 reverse 5′-TCCTCAAGACTGTACATGCTCAC -3′, located in exons 2 and 3, respectively.
| Time course analysis of clock gene expression
Cells were seeded in 6-well plates in DMEM supplemented with 10% FBS and antibiotics (penicillin/streptomycin) to obtain 40% confluence after incubation for 24 hr. The cellular circadian clocks were synchronized by incubating in DMEM containing dexamethasone (DEX; final concentration 50 nM) for 2 hr. Cells were washed and the medium was changed to DMEM containing 1% FBS and antibiotics. Every 4 hr after the start of the DEX shock (T = 0), the medium was removed and the cells were lysed in 350 μl of buffer RLT (Qiagen, German). To obtain T = 16, 20, 40 and 44 time point samples, the starting cell number was reduced by 20% and the start time of the DEX shock (T = 0) was delayed by 8 hr because sampling at 4-hr intervals across 3 days was infeasible. Cell lysates were immediately homogenized by passing through QIA shredder columns (Qiagen, German) and stored at −80°C. Total cellular RNA was extracted using the RNeasy Mini, RNA isolation kit (Qiagen, German). Samples were quantified using a Nanodrop (Thermo Fisher Scientific, USA), and cDNA was obtained by reverse transcription of 1.5 μg RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). mRNA levels were quantitatively measured by real-time PCR on PRISM7300 (Applied Biosystems) using the TaqMan Fast Advanced Master Mix (Applied Biosystems) and a 1/25-volume of the reverse transcription product. The PCR mixture contained 22.5 pmol of each primer and 6.25 pmol of TaqMan probe in a total volume of 25 μl. Primers and probes used in this study were described in our previous report (Yamaguchi et al., 2018) . Data were reported as relative mRNA levels normalized to the expression of the 18S ribosomal RNA gene.
| Circadian rhythm monitoring by realtime bioluminescence recording
Cells at 20% confluency in 35-mm diameter dishes containing 2 ml DMEM with 10% FBS and antibiotics were infected with adenovirus vectors expressing hBmal1 and mPer2 promotor-driven luciferase (hBmal1-Luc, mPer2-Luc), constructed as described (Matsumura & Akashi, 2017) , by adding 100 μl of 1/500-diluted adenovirus stocks to the culture medium. After incubating for 24 hr, circadian synchronization was conducted by incubating the cells with 50 nM DEX for 2 hr. After washing the cells in DMEM containing no FBS, the culture medium was changed to luciferin (0.1 mM)-containing DMEM supplemented with 1% FBS and penicillin/ streptomycin antibiotics. Bioluminescence was measured in | Genes to Cells MATSUMURA And AKASHI real time and integrated for 1-min at 15-min intervals using a photomultiplier tube (LM2400, Hamamatsu Photonics, Japan). Detrended data were calculated by subtracting the 24-hr running average from the raw data. Relative data sets were obtained by setting the first curve peak to 1 for mPer2-Luc and the first trough to −1 for hBmal1-Luc. Cosine curve fitting was carried out with Cosinor software provided by Dr. Refinetti using detrended data sets obtained across the entire monitoring period to calculate the circadian period length.
